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 This paper is devoted to the new magnesium alloys used in medicine as a 
soluble implants. Feature of these alloys is a low technological ductility in cold forming. The 
problem of determination of the cold thin wire (diameter less than 0.1mm) drawing process 
parameters for hardly deformable biocompatible magnesium alloys by using the mathematical 
mesoscale model is described in the paper. In previous authors’ works it is proven that the 
material state directly before forming the microcracks is the optimal state from the point of 
view of the restoration of plasticity by annealing. The forecasting of this material state in 
drawing process requires the development of the intergranular fracture initiation model and to 
use this model in two modes:  the modeling of the insitu tests, what allows to calibration and 
validation of the model;  the modeling of the drawing process, what allows to optimize the 
drawing parameters. The developed model was implemented into authors’ program 
Drawing2d, which is dedicated to drawing process. The results of mesoscale simulation were 
verified by using the experimental drawing process of the thin wires (diameter 0.07mm) 
following to developed technology. It was shown by analysis of microstructure that the model 
allows to forecast the microcracks initiation in the wire drawing process.  
 
 
The problem of the development of the drawing processes of magnesium alloys is related 
to their low technological plasticity [12]. This is applied to the most commercial alloys. 
Recently, the new magnesium alloys were developed containing supplements Ca, Li, Zn. 
These alloys are a good material for soluble implants [34] or surgical sutures [56]. Studies 
of the properties of these alloys showed that their technological plasticity during drawing is 
lower than commercial magnesium alloys [78]. In connection with this, there are some 
possibilities allowing increasing the plasticity of magnesium alloys during drawing.  
1. Drawing at elevated temperatures in a hot die [9]. The advantage of this process is the 
lack of annealing operations between passes. This achieves high performance. For example, in 
[9] 25 passes of drawing process of Ax30 and MgCa08 alloys were performed to the wire 
diameter 0.1 mm with a total elongation 100 without using annealing between passes. 
2. Drawing at room temperature with annealing between passes [6,10]. This approach 
requires strict control of the microstructure after each pass and performing annealing after one 
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or two passes. It is particularly important to prevent the occurrence of cracks at grain 
boundaries [10].  
That’s way an effective development of wire drawing process of magnesium alloys is 
possible only on the basis of a mathematical model that takes into account technological 
plasticity in the macroscale, and changes in the structure of the material in the mesoscale. 
Existing approaches dedicated to modeling of fracture during drawing have limited 
applicability to the evaluation of technological plasticity magnesium alloys for the following 
reasons. 
 Drawing process is the multipass cycle containing stage of deformation and annealing. It 
is not sufficiently to perform the fracture prediction in the current pass, as suggested by most 
of the existing models of metal fracture during drawing [2]. More importantly is to simulate 
changes occurring in the metal microstructure in the current pass and when will be effectively 
to restore ductility by annealing in this case. 
 Feature of multipass process is that technological problems at current drawing pass not 
shows up immediately, but after next few passages. In this case, after the wire breakage is 
difficult to determine which of the early stages of technology contained errors.  
In the papers [711] have been proposed to solutions of this problems at the meso and 
macro scales. However, these studies do not take into account the shear stress in the meso 
scale. Since the shear stress and strain significantly effect on plasticity, one of the goals of this 
work was to perform calculations in the micro scale, taking into account the shear 
deformations. The main purpose of this paper, however, is to numerical and physical 
modelling of the wire drawing of magnesium alloys in macro and meso scales.  
 
 
The approach used in the simulation of wire drawing in macroscale is based on solving 
coupled problems related to heat transfer and rigidplastic deformation [11]. Solution of the 
mechanical problem obtained by using the FEM based following functional: 
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where: σ – flow stress, 0σ – mean stress, ξ – effective strain rate, 0ξ – strain rate in the triaxial 
compression test, V – volume, F – contact surface, τσ – friction stress, vτ− metal slip velocity 
with respect to the die.  
Calculation for the boundary conditions in the dies belt has the features described in [12]. 
According to these studies, there is no possible to flow metal exactly along nominal working 
surface of dies during drawing process. Typically, the two phenomena distort the shape of the 
deformation  elastic deformation of dies and stripping material from the surface (undershoot). 
The developed solution offers a different solution to this problem, based on the method of 
penalty functions to satisfy the mechanical boundary conditions at the contact of metal with 
drawing dies. The proposed method is based on the modifications of functional (1), which 
described in papers [12,13].  
The SaintVenantLevyMises theory is used for relation between stresses and strains rate 
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for plastic deformation: 
                                               
ijijij ξξ
σσδσ
3
2
0 +=      (2) 
where:
ijδ  – the Kronecker delta. 
The flow stress of MgCa0.8 alloy was proposed as following function:  
                                                  
080230 .εσ =      (3) 
The tensor ijε is calculated by integration along the flow lines:  
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where: (m)τ − time increment, )m(ijξ − strain rate tensor determined according to equation:  
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where: N − finite element shape functions, ijnξ − nodal strain rate tensor for current finite 
element, nnd – number of nodes in element.  
The points of flow lines are determined on the basis of the values of the velocity at point 
m, which are calculated according to the formula:   
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The calculation of the position of the next point (m+1) of flow line is carried out according 
to the equation: 
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i +=+1     (7) 
The solution of heat problem for the metal and die is described in [9]. Example of FE mesh 
used to solve the problems and solutions of the thermal problem in the metal and die is shown 
in Fig. 1. Integration along the flow lines was used to set the boundary conditions for the 
RVE. Fig. 1 shows two flow lines (line A and line B) along which the solution in the meso
scale was performed. 
 
: FE meshes involved in modeling of mechanical and thermal processes in die and wire, example of 
temperature distribution in the metal and die indicating flow lines along which the problem was solved in the 
mesoscale  
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 
The developed model of fracture in the mesoscale was based on a preliminary in situ 
analysis of the fracture mechanism for a number of magnesium alloys. The experiments were 
performed at the Leibnitz Universität Hannover [14]. Results and technique of this experiment 
are presented in [7,14]. It is shown that these alloys, unlike typical magnesium alloys, fracture 
mainly on grain boundaries (Fig. 1) [7]. Therefore, long before the moment of fracture in 
macroscale in the sample appears porosity. Fracture processes in this case were considered as 
simplified modeling of deformation within the grains. The scale of the model in this case will 
be called as mesoscopic (meso) scale. Because experimental studies [7, 14] showed that an 
intergranular fracture mechanism is mainly observed in the considered alloys, for practical 
application only the models in the macro and mesoscales are examined.   
In accordance with the observed fracture mechanism the follow assumptions were made to 
simplify the model in the mesoscale. 
1. Assumed, that the fracture is only possible along the grain boundaries; 
2. Used material model is the same as in the macroscale; 
3. The average characteristics of the stress and strain rates are considered in each grain. In 
this case, the material properties of grains can be linearized manner to that described in [7]. In 
the case of study of the problem at the microscale it can be used algorithms to better reflect 
the nonlinearity of the material [1516]. 
The boundary element method (BEM) was selected as a basic method for solving the 
problem in the mesoscale. The advantages of this method, compared with the finite element 
method, applied to this problem described in [1517].  
 
 a)        b)  
: The observed fracture of the MgCa0.8 alloy at various stages of tensile test: a  the initial 
microstructure, b  the propagation of cracks and an increase of porosity, elongation of the sample 1.2 mm. 
Kelvin solution [17] for plane strain state and incompressible material ( )50.=ν  for single 
grain can be written as: 
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where:  F1 and F2 are a force components, u1, u2 are displacements in the direction of the 
axis x1 and x2, σ1, σ2, σ12 are the stresses caused by the force F, Eg – elasticplastic modulus of 
grain: 
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To use the theory of plastic flow, equation (8) and (9) was differentiated by time: 
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The algorithm for calculating the mean values of the stressstrain parameters in the grains 
is described in [7]. 
The SaintVenantLevyMises theory is used for relation between stresses and strain rates 
for plastic deformation: 
                                                      
ijgijij ξσδσ 3
2
0 +=     (18) 
where 0σ  – the mean stress in grain, ijξ  – strain rate tensor in grain. 
Calculating of the heterogeneous grain orientation microstructure is performed based on 
data on the orientation of crystals of magnesium after extrusion [1820]. Used effective value 
of the yield stress of the grain [21], and the effective viscosity of the material grain:  
                                                      ( ) ( )εσkεσ graingg =     (19) 
                                                       
( )
g
gg
gg ξ
εσ
k =      (20) 
The coefficient kg for each grain is set based on the random grain orientation in the range 
of 0.811.19. 
The boundary element mesh is generated (Fig. 3), consisting of zones, that simulate the 
grain to use the BEM, based on photographs of the original microstructure [22]. The boundary 
conditions for the representative volume element (RVE) are defined based on the simulation 
results in the macroscale for any flow line. In the direction of wire drawing the deformation 
yε is set, and in the direction perpendicular to the wire axis defined stress xσ . Since the shear 
stress and strain significantly effect on plasticity [23], the shear deformation xyε is taken into 
account by setting the relevant incremental displacements on the boundary of RVE.  
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 An example of a digital representation of a fragment of the microstructure and the boundary condition 
Conditions of continuity of the grain boundaries (grain shown for 1 and 2 in Fig. 3.)were 
used at the initial stage of deformation  : 
                                                
[ ]( ) [ ]( )qqsqqs ,yxσ,yxσ 21 = ,    (21) 
                                                
[ ]( ) [ ]( )qqnqqn ,yxσ,yxσ 21 = ,     (22) 
                                                 
[ ]( ) [ ]( )qqsqqs ,yxv,yxv 21 −= ,     (23) 
                                                
[ ]( ) [ ]( )qqnqqn y,xvy,xv 21 −= ,    (24) 
where: [ ]( )qqs ,yxσ 1 , [ ]( )qqn ,yxσ 1 are the shear and normal components of stress from grain 1 
and [ ]( )qqs ,yxσ 2 , [ ]( )qqn ,yxσ 2  are the shear and normal components of stress from grain 2 in 
point q. The same notation is applied to velocities. When the failure criterion is satisfied on 
the boundary, these conditions for a given pair of boundary elements are excluded. 
Fracture criterion based on the approach described in [10, 2425] was applied. In 
comparison to these works, the criterion was modified by replacing the integration over time 
to integration over RVE deformation: 
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where: σn is positive part of the normal stress, σs is the shear stress, E is Young's modulus, 
and b0b3 are empirical parameters. 
This is related to the low sensitivity of the material strain rate, which makes the procedure 
time integration used in [10] low effective. 
Calibration and validation of the model in the mesoscale was described in [14]. 
Calibration of this model is made by the determination of the coefficients b0b3 by minimizing 
the objective function G, based on the difference between the porosity of the microstructure 
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obtained in the experiments in situ erexpiγ and the results of calculation calciγ  ( 1δ ) and takes into 
account the time of first occurrence of cracks at grain boundaries ( 2δ ): 
                                                    
( )∑ −=
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erexp
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i γγδ
1
2
1     (27) 
                                                         ( )22 erexpcalc ττδ −=     (28) 
                                                           2211 δwδwG +=     (29) 
where: 1w , 2w  weights of components of the objective function G.  
Figure 4 show the results of simulation of tests in situ for the conditions corresponding to 
the data presented in Figure 2b. The empirical coefficients obtained from the calibration were 
the following b1=27; b2=0.3; b3 = 0.5; b0=0.4. 
 
 
 
 The results of simulation for experiments of in situ tensile for elongation 1.2 mm. 
 


For the purpose of validation of the proposed techniques two variants of physical modeling 
of wire drawing in laboratory conditions [10] were proposed: 
variant 1: elongation per pass 1.096; 
variant 2: elongation per pass 1.20.  
The angle in each pass was 50. Speed of drawing was 10 mm/s and was chosen in such a 
way that could enable annealing in a furnace installed before the device for drawing. All 
passages in each variant were geometrically similar, so for calculated results of stress and 
strains all passageways are close. Therefore, only simulation of the first passage for each 
variant was performed.  
Figure 5 shows the results of simulation of the first pass for variant 1: Fig.5a  distribution 
of xyε ; Fig.5b  xσ ; Fig.5c  yε . Analogical data for variant 2 are presented on Fig. 6.  
Those data are used to define boundary conditions for RVE in accordance with the scheme 
in Fig. 3. 
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 a)                            b)                       c) 
 Results of simulation of the first pass for variant 1: a  distribution of xyε ; b  xσ ; c  yε . 
 
a)    b)    c) 
 Results of simulation of the first pass for variant2: a  distribution of xyε ; b  xσ ; c  yε  
Calculations in mesoscale have been executed for each considered variants for the surface 
and central line of wire (the flow lines A and B on the Fig.1a). The results are presented for 
the final stage of deformation in Fig.7 (variant 1) and Fig.8 (variant 2).  
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(a)       (b) 
   
(c)       (d)   (e) 
  Wire d=0.0758 mm after drawing according to variant 1 (a – surface, simulation, b – centerline, 
simulation, ce  experiment).  
  
  
(a)      (b) 
   
(c)         (d) 
 Network of cracks after the 4th passage d=0.112 mm, variant 2 (a – surface, simulation, b – centerline, 
simulation, cd  experiment).  
From the obtained data it is follows that in variant 1 in center line of wire is not cracks on 
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the grain boundaries (Fig. 7). On the surface, however, the calculation shows the appearance 
of a small number of cracks (Fig. 7b). This is due to the action of shear and tensile stresses in 
the surface of wire in calibration belt. The experiment was carried out for the calculation 
conditions, it has shown good results, cracks after 4 passes are not detected (Fig. 7c, 7d). The 
resulting wire had good ductility (Fig. 7e). In the variant 2 only 4 passage were possible. 
After passage number 2 a hairline fractures on the borders of grains (Fig.8) on the surface of 
the wire can be observed using an optical microscope. Obtained wire was fragile and 
crumbles when trying to tie a knot after the second pass. Fig.8c,d show a developed network 
of cracks after 4 passages. Further attempts of annealing and drawing were unsuccessful. By 
using variant 1 of the drawing the wire with much higher quality was obtained, mechanical 
properties of obtained wire allow further drawing.  
 
It is shown that the application of multiscale modeling allows solving the problem of the 
development of technological modes of wire drawing for magnesium alloys. The developed 
computer code is based on the FEM for the macroscale and BEM for the problem in the 
mesoscale. Prediction of the initiation of fracture using multiscale model coincided with the 
results of the experiment. Based on the developed schedule it was possible to get the wire 
with diameter 0.0758 mm from Ax30 alloy by cold drawing.  
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